The leukotoxin produced by Actinobacillus actinomycetemcomitans has been implicated in the etiology of localized juvenile periodontitis. To initiate a genetic analysis into the role of this protein in disease, we have cloned its gene, lktA. We now present the complete nucleotide sequence of the IktA gene from A. actinomycetemcomitans. When the deduced amino acid sequence of the leukotoxin protein was compared with those of other proteins, it was found to be homologous to the leukotoxin from Pasteurella haemolytica and to the alpha-hemolysins from Escherichia coli and Actinobacillus pleuropneumoniae. Each alignment showed at least 42% identity. As in the other organisms, the lktA gene of A. actinomycetemcomitans was linked to another gene, IktC, which is thought to be involved in the activation of the leukotoxin. The predicted LktC protein was related to the leukotoxin/hemolysin C proteins from the other bacteria, since they shared a minimum of 49% amino acid identity. Surprisingly, although actinobacillus species are more closely related to pasteurellae than to members of the family Enterobacteriaciae, LktA and LktC from A. actinomycetemcomitans shared significantly greater sequence identity with the E. coli alpha-hemolysin proteins than with the P. haemolytica leukotoxin proteins. Despite the overall homology to the other leukotoxin/hemolysin proteins, the LktA protein from A. actinomycetemcomitans has several unique properties. Most strikingly, it is a very basic protein with a calculated pl of 9.7; the other toxins have estimated pIs around 6.2. The unusual features of the A.
Actinobacillus actinomycetemcomitans is a gram-negative, capnophilic bacterium that has been implicated in the etiology of localized juvenile periodontitis (26, 31) . Most A. actinomycetemcomitans strains isolated from patients with juvenile periodontitis produce a heat-labile leukotoxin that specifically lyses human polymorphonuclear lymphocytes and monocytes (30, 33, 36) . Although the role of the leukotoxin in an A. actinomycetemcomitans infection has not been clearly established, it is presumed to inhibit neutrophil defense mechanisms at the site of infection (25, 32) .
As an initial step in a genetic analysis of the role of the leukotoxin in disease, we recently cloned the structural gene, WktA, from A. actinomycetemcomitans (11) . A plasmid containing the entire region was transformed into Escherichia coli; cellular extracts were then tested and shown to have appropriately specific cytolytic activity. Another group of investigators, using antibodies against the A. actinomycetemcomitans leukotoxin protein, also cloned the A. actinomycetemcomitans leukotoxin gene (14) . As the partial DNA sequence of their clone was very similar to ours, both serological and functional evidence confirmed that the lktA gene from A. actinomycetemcomitans had been cloned.
From the partial sequence we reported previously (11) , it was clear that the lktA gene of A. actinomycetemcomitans was related to a family of toxin genes, including the leukotoxin gene from Pasteurella haemolytica (2, 15, 27) and the hemolysin gene from E. coli (5) . In addition to sequence homologies, the genes from E. coli and P. haemolytica are in similarly organized operons; each structural gene is flanked by three other genes required for the synthesis and secretion * Corresponding author.
of active toxin (5, 28, 35) . In E. coli, the hemolysin structural gene, hlyA, is preceded by the hlyC gene, whose protein product is required posttranslationally to activate HlyA (17) . The hlyA gene is followed in the operon by the hlyB and hlyD genes, whose products are necessary for the secretion of HlyA (17) . P. haemolytica has four genes, lktC, lktA, lktB, and IktD, arranged in the same order. Furthermore, the protein products of each of the lkt genes are homologous to the corresponding Hly polypeptides. Finally, in a recent report, Chang et al. showed that a porcine pathogen, Actinobacillus pleuropneumoniae, contains a hemolysin gene, hppA, whose protein product is over 65% identical to the pasteurella LktA protein (2a) . In spite of the sequence similarities among these proteins, it is interesting that the leukotoxins and hemolysins have distinctly different target-cell specificities. Whereas the hemolysins can lyse both lymphocytic and hematopoetic cells (17) , the leukotoxins show exquisite cell selectivity. For example, the leukotoxin from A. actinomycetemcomitans lyses only human polymorphonuclear leukocytes and monocytes (33, 36) , whereas the leukotoxin from P. haemolytica is specific for ruminant leukocytes (24) . To determine the extent of homology between the leukotoxin and hemolysin genes, we have ascertained the complete nucleotide sequences of the lktA and lktC genes from A. actinomycetemcomitans. The protein sequences encoded by these genes have been compared with those of other members of the alpha-hemolysin/leukotoxin family. Although the overall homologies are quite striking, there are some unique features of the A. actinomycetemcomitans toxin which will be discussed in light of its target-cell specificity. Restriction sites: B, BamHI; Bg, BglII; D, DraI; E, EcoRI; H, HpaI; Hi, HindIII; Hp, HpaII; N, NaeI; Nh, NheI; P, PstI; R, RsaI; S, Sau3AI; Sc, ScaI; Sp, SspI; only sites used in subcloning are indicated. Below the map, the sequencing strategy is illustrated. Each arrow represents an independent dideoxy-chain termination reaction; these were derived either from independent subclones ( i-p ) or from specific synthetic oligonucleotide primers ( -). The direction and length of each arrow specify the strand and distance sequenced.
MATERIALS AND METHODS
Bacterial strains and plasmids. The genomic clone was derived from strain JP2 of A. actinomycetemcomitans (33) . For sequencing, DNA fragments were subcloned into pUC or into BlueScript (Stratagene) and transformed into E. coli TB-1 or HB101 (18) . All experiments involving recombinant constructs with the entire A. actinomycetemcomitans lktA gene cloned into E. coli were done under BL2 containment.
Nucleotide sequence determination. The DNA sequence was determined by the Sanger dideoxy-chain termination method (23) as modified for use with Sequenase (U.S. Biochemicals Corp.). All coding sequences were determined independently from both strands. The double-stranded plasmid DNA templates were prepared by an alkaline lysis procedure (18) (Fig. 3) , so the second open reading frame was designated lktC.
Two other genes, designated B and D, have been identified in the toxin operons from E. coli (35) and P. haemolytica (28) . The proteins encoded by the E. coli hlyB and hlyD genes are involved in the transport of the alpha-hemolysin from the cell (17) . Preliminary sequence analysis of two regions downstream of the A. actinomycetemcomitans lktA gene (designated a and b in Fig. 1 ) revealed sequences homologous to both the hlyB and hlyD genes. Specifically, translation of the 230 bases sequenced just downstream of lktA revealed a 73-amino-acid open reading frame that shared 67% identity with the amino-terminal sequence of the E. coli HlyB protein. Similarly, a deduced amino acid sequence from the 200 bases near the end of clone pTD28 had 72% identity with a region near the carboxy terminus of the E. coli HlyD. Therefore, A. actinomycetemcomitans appears to have a leukotoxin operon structure similar to those of E. coli and P. haemolytica, with lktB and lktD downstream of lktA and 1ktC.
Similarities among the toxins produced by A. actinomycetemcomitans and other pathogenic microorganisms. The alignments between the deduced amino acid sequences of the actinobacillus LktA protein and other toxin proteins of the leukotoxin/hemolysin family are presented (Fig. 3) . The extent of identity between all pairwise combinations of these proteins was at least 42% (Table 1) . The overall homology among the toxin proteins from the four organisms was reflected in their very similar hydropathy plots (Fig. 4A) (27, 34) . As has been found before, the amino halves of the protein had several strong hydrophobic domains, whereas the carboxy portions were essentially all hydrophilic (27, 34) .
In the alignment shown (Fig. 3) , 24% of the amino acid residues matched in all four proteins. These highly conserved amino acids seemed to cluster in three regions. The first of these was a strongly hydrophobic region encompassing residues 200 to 500 (Fig. 4A ). Mutational analyses of the E. coli hemolysin have demonstrated that this hydrophobic domain is required for lytic function (16) . The second conserved region, from amino acids 754 to 864, is a series of 12 repeats with the consensus sequence X-G-G-X-G-N/ D-D-X-I/L (27, 34) . These glycine-rich repeats have been shown to be necessary for lytic activity in E. coli (6) (13) . Sequence data will appear in the EMBL/GenBankIDDBJ nucleotide sequence data bases under accession number X16829.
similarities, some interesting differences were also noted but only 6 in the other two proteins. (Table 3 ). The strong homology among all of these C proteins is emphasized by the fact that 35% of the residues matched in all four proteins (Fig. 3) . As would be expected from these sequence homologies, the hydropathy plots for the C proteins from these four organisms were very similar (data not shown); each had a rather hydrophobic amino half and a very hydrophilic carboxy region. Despite these similarities, there was one rather incongruous result: the calculated pl of the LktC protein from A. actinomycetemcomitans was over 1 pH unit more acidic (8.7) than the calculated pIs for the C proteins from the other organisms, which range from 9.8 to 10.0. The difference in pl was not due to an increase of acidic residues in a specific region of the A. actinomycetemcomitans C protein. Rather, additional basic residues were scattered throughout the C proteins from the other organisms. The significance of the difference in pl, if any, is unclear.
Comparison of the noncoding regions of the leukotoxin/ hemolysin gene clusters from four organisms. Although nothing is known about promoter sequences in A. actinomycetemcomitans, there are likely to be sequences resembling those commonly found in E. coli (8) , especially since the A. actinomycetemcomitans lktA gene is expressed in E. coli (11) . When the nucleotide sequence was examined for the presence of the E. coli -10 consensus (TATAAT) and -35 consensus (TTGACA) elements, a number of sequences that matched these sequences at five out of six positions were found. However, none of the pairs of elements had the 16-to 18-bp spacing typically found in most E. coli promoter elements. The sequences that most closely resembled a functional promoter were located 344 bp 5' to the lktC gene (Fig. 2) . This region contained a -35 consensus sequence followed 16 a.a. LKTA TIV LIS   155  160  165  170  175  180  185  190  195  200 A.a. LITA
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gies among the 5' regions of these genes. In addition, there were no obvious regions of potential secondary structure conserved among the four 5' regions, even in the areas identified previously for the 5' region of the E. coli hlyC gene (5) .
The second DNA region examined was the intercistronic region between the A and C genes. The sizes of these regions in the various organisms ranged from 11 to 38 bp. With the exception of the Shine-Dalgarno sequence, there were no significant identities among the sequences in this region.
The region 3' to the A gene is another intercistronic region in E. coli and P. haemolytica. Both organisms make two lktA-containing transcripts; one transcript contains all four genes in the leukotoxin/hemolysin gene cluster, and the second terminates between the hly and lkt A and B genes (29, 35). Consistent with this, the DNA between the A and B genes in both E. coli and P. haemolytica have a potential rho-independent transcription termination signal, consisting of an inverted repeat followed by a run of T residues (21). The A. actinomycetemcomitans intercistronic region also has the potential to form such a structure from positions 3705 to 3738 (Fig. 2) . Although each of these intercistronic regions has a sequence capable of forming a stem-loop structure (ranging from 9 to 16 bp for the stem and from 5 to 15 bp in the loop), the primary sequences in this region were not conserved. It remains to be determined whether A. actinomycetemcomitans also uses this transcription terminator.
Comparison of the coding regions reported for the leukotoxin from A. actinomycetemcomitans. Lally et al. (13, 14) have also recently reported the cloning and characterization of the lktA and lktC genes from A. actinomycetemcomitans. Since the restriction map of their clone matched ours (11) , it appeared that both groups had identified the same gene. Therefore, it was surprising that a comparison of the two predicted amino acid sequences for LktA indicated significant divergence over the last 124 amino acids. This was particularly evident when the hydropathy plots of the two predicted toxins were compared (Fig. 4) . When the DNA sequences obtained by the two laboratories were aligned, several differences were noted (Table 4) . Although these changes caused some minor amino acid switches in both LktA and LktC, the major difference at the carboxy terminus was due to an additional C residue at position 3298 in our sequence (Fig. 2) . The lack of this C caused a shift in the reading frame which yielded a protein of approximately the same length but with a very different sequence. The C residue was confirmed in our laboratory on two sequencing gels of the noncoding strand and seven gels of the coding strand; the appropriate region from one of these is shown in Fig. 5 . We concluded that our sequence in this region is correct.
DISCUSSION
We determined the entire nucleotide sequence of the lktA and lktC genes from A. actinomycetemcomitans. The deduced amino acid sequence of LktA was over 42% identical to the sequences of the hemolysins from E. coli and A. pleuropneumoniae and the leukotoxin from P. haemolytica. The sequence of the A. actinomycetemcomitans LktC protein was over 52% identical to the sequences of the C proteins from the other three bacteria. Surprisingly, the A. actinomycetemcomitans LktA and LktC proteins 'were more identical to the E. coli A and C proteins than to the analogous' proteins from P. haemolytica or A. pleuropneumoniae (Tables 1 and 3 ). This result was unexpected, since both phenotypic features and overall DNA hybridization kinetics have placed A. actinomycetemcomitans, A. pleuropneumoniae, and P. haemolytica in a family of organisms distinct from the Enterobacteriaceae family containing E. coli (19,''22) . We concluded that there may h'ave been a relatively recent transfer of the leukotoxin genes between A. actinomycetemcomitans and E. coli. Although this could coli toxin differ at 30 residues (9); at these positions, the A. actinomycetemcomitans LktA shares 6 residues with the chromosomally encoded toxin but only 4 residues with the plasmid-encoded peptide.
It is interesting to note that the highest sequence similarity for the C proteins was found between E. coli and A. actinomycetemcomitans (70%), whereas the highest homology observed for the A proteins was between A. pleuropneumoniae and P. haemolytica (64%). The biological relevance of this finding is unclear but suggests that the A and C genes may be under different evolutionary constraints in the various bacteria.
Despite the sequence similarities among these proteins, the leukotoxins and hemolysins demonstrate different target cell specificities. The E. coli and A. pleuropneumoniae hemolysins lyse both lymphocytic and hematopoietic cells (17) , whereas the leukotoxins from A. actinomycetemcomitans and P. haemolytica demonstrate lytic activity only toward certain cell subsets. When the protein sequences were analyzed for regions of similarity unique either to the leukotoxins or to the hemolysins, no significant homologies that could account for the target-cell specificities were Fig. 2 . The asterisk designates the C not found in the sequence presented elsewhere (13) .
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Despite the overall homology to the other leukotoxin/ hemolysin proteins, the LktA protein from A. actinomycetemcomitans has several unique features. Most strikingly, the leukotoxin from A. actinomycetemcomitans had a calculated pI that was significantly more basic than those of the other toxin proteins. The basic pl may play a role in determining the target-cell specificity of the LktA or in its capability to invade the periodontal pocket. The latter possibility is supported by the finding that the site of A. actinomycetemcomitans infection, the gingival crevice, usually has a pH above 8.0 (1, 10) .
Alternatively, the difference in isoelectric points between the A proteins may be important in the differential cell distribution of the toxins. It has been shown that the E. coli hemolysin is secreted from the cell (17) , whereas the A. actinomycetemcomitans leukotoxin is localized in the periplasm (4). The secretion of HlyA requires functional HlyB and HlyD. We have found that A. actinomycetemcomitans contains at least part of lktB and part of lktD. However, 90% of each of these genes has yet to be sequenced, so they may not be functional. Nonetheless, since the carboxy domain is required for secretion of HlyA (6), it is interesting to speculate that the addition of basic residues in this region of LktA might, in fact, affect its secretion from the actinobacillus cell.
Since the carboxy terminus may play a crucial role in the function and/or target-cell specificity of the toxin, the report of an A. actinomycetemcomitans leukotoxin A gene with an entirely different sequence for the last 124 amino acid residues is particularly interesting (13) . This divergence is clearly seen on the hydropathy comparison of the two reported lktA sequences (Fig. 4) . The critical nucleotide difference between these two sequences is the C present at position 3298 in the clone described here (Fig. 2) . Lally et al. (13) did not report a residue at this position; this would cause a shift in reading frame, which would yield a protein of approximately the same length but of a very different sequence. In fact, their predicted protein would have four cysteine residues, all in this carboxy-terminal region. This is noteworthy, since none of the other members of the toxin family contains any cysteines ( Table 2) .
The recombinant clones reported by both laboratories have been shown to produce functional toxin when expressed in E. coli (11, 13) . Therefore, it is important to determine whether one or both of these sequences are correct. There are several possible explanations for the apparent conflict in the sequences reported for lktA. First, there could be two genes in the A. actinomycetemcomitans genome that are capable of encoding functional toxins. However, Southern blot analysis of A. actinomycetemcomitans DNA showed that there was only a single gene (11) . Second, there could be genetic polymorphisms between the A. actinomycetemcomitans strains used. Although this possibility cannot be formally excluded, both groups used strain JP2, so again this is an unlikely explanation. Third, the addition or deletion of the C residue may have been introduced during cloning of the gene. This is unlikely for our clones, since the sequence reported here was derived from two independently isolated genomic clones. Last, the difference may have been due to an error in the DNA sequencing itself. Again, we feel that there is no mistake in our sequence; in nine sequencing gel runs, the C at position 3298 was unambiguously present in the coding strand and/or the complementary G was seen in the noncoding strand. We conclude that it is unlikely that there are two different leukotoxins produced by A. actinomycetemcomitans, and we argue that the sequence presented in this paper is the correct one.
In summary, we have shown that although the LktA and LktC proteins of A. actinomycetemcomitans are highly homologous to the equivalent leukotoxin/hemolysin proteins from E. coli, P. haemolytica, and A. pleuropneumoniae, there are some potentially interesting differences. The major difference would seem to be that the isoelectric points of the A. actinomycetemcomitans LktA and LktC proteins are quite different from those of the homologous proteins from the other organisms. The possible role of these differences in the host and tissue specificity of the A. actinomycetemcomitans leukotoxin is being investigated.
